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Abstract: 
Population structure can be defined as a difference in the frequencies of alleles 
among populations, and it is often caused by barriers to dispersal.  I used mitochondrial 
DNA sequences to examine the population structure of two large, aquatic salamanders, 
Amphiuma means (the Two-Toed Amphiuma) and Siren lacertina (the Greater Siren), at 
two spatial scales in peninsular Florida.  Both species appear to have similar life histories, 
including poor dry land dispersal capabilities, and I hypothesized that they would exhibit 
significant population structure at both broad and fine scales.  Wetland loss and landscape 
fragmentation are certain to have caused decreases in abundance and even extirpation of 
local populations of both species.  Understanding current levels of genetic diversity is 
important in conservation efforts, particularly if individuals must be translocated in the 
future.  
A portion of the cytochrome b gene was analyzed for 34 Amphiuma means and 21 
Siren lacertina sequences.  A neighbor-joining tree and haplotype network showed that 
A. means exhibited statistically significant population structure at the broad, but not the 
fine scale.  The lack of structure at the fine scale was attributed to periodic flooding 
among drainage basins in the low-lying study area.  The same analyses showed that S. 
lacertina did not exhibit statistically significant population structure at the broad scale 
(analyses were not conducted at the fine scale because of low sample size).  The 
difference in broad-scale population structure between the two species is the result of a 
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difference in gene flow, which in turn, can be the result of a difference in effective 
population size (Ne), female dispersal capability and/or behavior, chance of bait-bucket 
transfer, or biogeographic history.  The best of these possible explanations seems to be a 
difference in biogeographic history.  For the two sites from which both species were 
sampled, estimated population divergence date was 3.3-6.4 million years ago (mya) for A. 
means and 0.04-0.5 mya for S. lacertina.  The large difference in estimated divergence 
dates suggests that S. lacertina colonized peninsular Florida from somewhere else 
following a glacial sea level rise or an interglacial sea level fall, at a time when A. means 
was already present in refugia within peninsular Florida.  This is the first study to 
explicitly examine the population genetics of A. means and S. lacertina, and future 
studies should examine their population genetics range wide, to elucidate how gene flow 
and/or historical biogeography may have contributed to population structure elsewhere. 
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Introduction: 
 
Population structure can be defined as a difference in the frequencies of alleles 
among populations of a species.  Population structure occurs when gene flow does not 
counteract genetic drift and its causes include: geographic and behavioral barriers to 
dispersal as well as limited dispersal abilities (Hamilton, 2009).  A variety of organisms 
exhibit population structure including many salamander species (Templeton et al., 1995; 
Miller et al., 2005; Mullen et al., 2010; Crowhurst et al., 2011).  Different levels of 
population structure are often seen at different spatial scales within a single species 
(Mullen et al. 2010; Crowhurst et al. 2011) and can be caused by the scale at which gene 
flow occurs for a given species.  For example, in the aquatic salamander, Dicamptodon 
aterrimus, fine-scale population structure among streams was lower than more broad-
scale population structure among catchments (Mullen et al. 2010), and this difference was 
attributed to migration occurring at the stream level.  Species with similar ecological 
characteristics may exhibit differences in population structure if they experienced 
different biogeographic histories (Hewitt, 1996; Zamudio and Savage, 2003; Mullen et 
al., 2010).  
I studied the population structure of two large, fully aquatic salamander species, 
Amphiuma means (the Two-Toed Amphiuma) and Siren lacertina (the Greater Siren).  
Both species are precinctive to the southeastern United States (Conant and Collins, 1998; 
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Gunzburger, 2003; Sorenson, 2004) and inhabit a variety of lentic freshwater habitats 
including ponds, sloughs, ditches, lakes, streams, and swamps (Conant and Collins, 1998; 
Petranka, 1998; Aresco, 2002).  Amphiuma means has two sets of diminutive limbs that 
each end in two toes and it can reach a total length of more than 1m (Conant and Collins, 
1998; Petranka, 1998; Bonnett et al., 2009).  Siren lacertina has a set of small front limbs 
and lacks hind limbs, and adults range from 50-98 cm in total length (Conant and Collins, 
1998; Petranka, 1998; Sorenson, 2004).  Not much is known about the overland 
movements of either species, although both of them are expected to have limited dry land 
dispersal capabilities because of their diminutive limbs (Snodgrass et al., 1999; Schalk 
and Luhring, 2010).  Thus, most movement of A. means and S. lacertina individuals from 
one isolated wetland habitat to another is thought to be restricted to flooding events 
(Snodgrass et al., 1999).  Both species are known to aestivate in muddy sediments when 
the wetlands that they inhabit dry out (Knepton, 1954; Etheridge, 1990; Aresco, 2001; 
Gunzburger, 2003) and this further implies that they have limited movement over dry 
land. 
Although few data have been collected on the status of Amphiuma means or Siren 
lacertina populations throughout their ranges (Snodgrass et al., 1999; Sorenson, 2004; 
Crabill, 2007), the loss of wetlands in the southeastern U.S. and the alteration of existing 
wetlands are certain to have caused decreases in abundance as well as extirpation of local 
populations of both species (Bancroft et al., 1983; Petranka, 1998; Snodgrass et al., 1999; 
Johnson and Owen, 2005).  It is estimated that by 1996 Florida contained only about 56 
percent of its original wetland habitat area (Dahl, 2005).  Freshwater wetlands in Florida 
and throughout the southeast are continuing to be lost to urban and rural development and 
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other human land uses (Dahl, 2006; Gutzwiller and Flather, 2011).  Wetland habitat 
fragmentation also poses a risk to A. means and S. lacertina populations.  Snodgrass et al. 
(1999) found that the frequency of occurrence of both species decreased with increasing 
wetland isolation.  It is important to establish the current levels of genetic diversity and 
population structure for these species because if parts of their habitat are destroyed in the 
future it may be necessary to translocate individuals.  If this occurs, baseline information 
about the genetic diversity of their populations would help to conserve their genetic 
diversity.  Furthermore, it is important to study these species because as generalist 
predators they are thought to be an integral part of many freshwater wetland communities 
(Snodgrass et al., 1999; Sorenson, 2004) and a previous study found that in some 
locations they make up a large percentage of the biomass in the wetlands that they inhabit 
(Sorenson, 2004). 
Family and genus level genetics of these species have been examined (Karlin and 
Means, 1994; Lui et al., 2006; Bonnett et al., 2009; Zhang and Wake, 2009), but to date 
there have been no studies published that focus on their population genetics.  I used 
mitochondrial DNA sequencing to examine the population genetics of Amphiuma means 
and Siren lacertina at two different spatial scales in Florida.  At the fine scale, I examined 
genetic differentiation of A. means among drainage basins at a swamp in central Florida.  
Drainage basins have been shown to serve as genetic barriers among populations of 
several aquatic organisms, including salamanders (Cryptobranchus alleganiensis bishopi, 
Crowhurst et al., 2011), fish (Rhinichthys osculus, Pfrender et al., 2004), freshwater 
muscles (Anodonta, Mock et al., 2010), and crustaceans (Daphnia pulex, Straughan and 
Lehman, 2000).  Given that the dispersal of A. means is thought to be limited to flooding 
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events, I hypothesized that drainage basins would serve as a genetic barrier between their 
populations.  At the broader scale, I examined the genetic differentiation of A. means and 
S. lacertina by comparing individuals from four locations along a north to south gradient 
in central peninsular Florida.  I did this to further test the assumption that both species are 
poor overland dispersers and I hypothesized that I would find population structure among 
the four sites because no aquatic connections exist between them.  I compared the 
population structure of A. means to that of S. lacertina at the broader geographic scale 
and I hypothesized that the two species would have similar levels of population structure 
because of their similar life histories.  
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Materials and Methods: 
 
Study Species 
 
Amphiuma means and Siren lacertina have similar diets and have been described 
as generalist predators (Conant and Collins, 1998; Petranka, 1998; Sorenson, 2004).  
Juvenile and adult A. means construct burrows in aquatic sediments, and are also found in 
crayfish burrows and root masses of aquatic plants.  They are nocturnal, and feed by 
either roaming the bottoms of their wetland habitats in search of prey or remaining in 
their burrows and snatching prey items as they pass by (Conant and Collins, 1998; 
Petranka, 1998).  Adult S. lacertina often hide in burrows during the day, and emerge at 
night. Juvenile S. lacertina typically hide in dense aquatic vegetation during the day and 
emerge to feed at night on small invertebrates living in the water column (Petranka, 
1998). 
There are many aspects of the basic biology of both species that remain unknown 
(Petranka, 1998; Johnson and Barichivich, 2004; Sorenson, 2004).  The natural lifespans 
of Amphiuma means and Siren lacertina are unknown, although captive specimens have 
lived as long as 27 years and 25 years, respectively (Nigrelli, 1954 as cited in Petranka, 
1998).  Generation times are unknown and few estimates exist for age or size at sexual 
maturity for either species (Johnson and Owen, 2005; Luhring, 2008).  According to 
Machovina (1994 as cited in Sorenson, 2004), A. means in the Florida Everglades mature 
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at 260 mm snout vent length (SVL).  Bancroft et al. (1983) found that A. means males in 
a central Florida lake matured at about three years of age, while females matured at four. 
Luhring (2008) estimated that female S. lacertina in a Carolina bay wetland in South 
Carolina are mature by their fourth year. 
Even though Amphiuma means and Siren lacertina share several life history 
characteristics, including similar body size, outward appearance, diet, and habitat, they 
are not close phylogenetically (Zhang and Wake, 2009; Roelants et al., 2007).  Sirenidae 
is a basal group that is thought to be either the sister group to all other living salamanders 
(Zhang and Wake, 2009) or the sister group to the clade of internally fertilizing 
salamanders (Roelants et al., 2007).  Amphiumidae is more derived and is located within 
the clade of internally fertilizing salamanders. It is considered to be the sister group to the 
Plethodontidae (Zhang and Wake, 2009; Roelants et al., 2007).  One major life history 
difference between A. means and S. lacertina is that A. means is known to have internal 
fertilization (Petranka, 1998), while Sirenids, such as S. lacertina are thought to have 
external fertilization (Ultsch, 1973; Sever et al., 1996; Petranka, 1998).  Although the 
breeding biology of S. lacertina has never been observed, eggs laid by females in the 
absence of males do not develop (Ultsch, 1973), females do not have sperm storage 
glands, and males do not have cloacal glands to produce spermatophores (Petranka, 
1998), all of which point to external fertilization.  
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Sampling Methods 
 
From 2008 to 2010 I sampled Amphiuma means and Siren lacertina in central 
Florida to examine genetic differentiation at relatively broad and fine scales.  For the first 
examination, I compared individuals of Amphiuma means from four locations in the 
State, ranging from 35-226 km distance apart: Lake Deaton (n = 7), the Green Swamp (n 
= 23), Archbold Biological Station (n = 1), and Belle Glade (n = 3) (Fig. 1, Table 1).  I 
also compared individuals of Siren lacertina from four locations in the State, ranging 
from 51-225 km distance apart: Lake Deaton (n =4), the Green Swamp (n = 11), Myakka 
River State Park (Lui et al., 2006; haplotype 173, AY713292.1), and a wetland off of 
Maytown Road in Volusia County, Florida (Lui et al., 2006; haplotypes 170-172, 
AY713289.1, AY713290.1, AY713291.1) (Fig. 1, Table 1).  For the relatively fine-scale 
examination, I compared individuals of A. means from four Green Swamp wetlands that 
are 0.03-7 km from each other and are located in three different drainage basins: 2nd Gate 
Wetland 1 (2GW1; n = 4) and Green Swamp West 1 (GSW1; n = 12) in Drainage Basin 
1, 2nd Gate Wetland 2 (2GW2; n = 6) in Drainage Basin 2, and Main 1 (n = 1) in 
Drainage Basin 3 (Fig. 2, Table 2).  I did not obtain a large enough sample size to test the 
drainage basin hypothesis for S. lacertina (see Appendix 1 for within drainage basin 
diversity).  Salamanders at the Green Swamp were sampled under permit #: SUO-24398 
granted by the Florida Fish and Wildlife Conservation Commission and a license (no 
license number provided) granting extended vehicle access to the Swamp and permission 
to trap salamanders there was granted by the Southwest Florida Water Management 
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District.  All sampling procedures were in accordance with the University of South 
Florida Institutional Animal Care and Use Committee protocol #: W 3319. 
Individuals of the two species were captured by different means at the various 
locations (see Appendix 2).  Individuals were captured with crayfish traps (Johnson and 
Barichivich, 2004) at Lake Deaton, with crayfish traps (Johnson and Barichivich, 2004) 
and minnow traps (Gee’s Minnow-Napper, Cuba Specialty MFG. Co., Inc.) at the Green 
Swamp, by hand collection from a drying ditch at Archbold Biological Station, and with 
hyacinth seine (similar to that used in Godley, 1980) at Belle Glade.  A tissue sample was 
collected from the tail of each captured salamander and stored in 100% ethanol after 
which the salamander was returned immediately to its capture location.  Capture and 
processing information for individuals previously captured at Myakka River State Park 
and Maytown Road in Volusia County are described elsewhere (Lui et al., 2006).  
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Laboratory Methods and Analyses 
 
DNA was extracted from the tissues using a high salt protocol (Watts, 2001). The 
universal primers MVZ 15 and MVZ 16 (Moritz et al., 1992) were used to PCR amplify a 
portion of the cytochrome b gene.  The PCR was conducted at a final volume of 25 µL, 
containing 1 X PCR Buffer (50 mM KCl, 10mM Tris HCl pH 9.0), 2 mM MgCl2, 200 
µM each dNTP, 0.1 unit Taq DNA polymerase, 0.9 µM of each PCR primer, and 1-20 ng 
template DNA.  The thermal profile used was: 95° for 4 min, 35 cycles of 95° for 30 sec, 
40° for 30 sec, 72° for 30 sec, followed by 4 min at 72°.  PCR products were purified by 
gel extraction with the AxyPrepTM DNA Gel Extraction Kit (Axygen Scientific, Inc, 
Union City, CA).  The PCR products were sequenced at the Washington University 
Genome Sequencing Center or the DNA Facility of the Iowa State University Office of 
Biotechnology.  The sequences were visually inspected and aligned with MEGA5 
(Tamura et al., 2011).  The Siren lacertina sequences from Lui et al. (2006) were aligned 
with and edited down to the length of my S. lacertina sequences. 
Standard analyses were used to examine genetic variation at both scales.  The 
number of variable sites was determined using MEGA5 (Tamura et al., 2011).  The 
sequences were collapsed into haplotypes with FABOX (Villesen, 2007).  In this case a 
haplotype refers to a unique sequence of DNA.  The output from FABOX was then used 
as the input file for ARLEQUIN (Excoffier and Lischer, 2010), to calculate relative 
haplotype frequencies, haplotype diversity, and nucleotide sequence diversity.  To 
examine the relationship among the haplotypes, I used a neighbor-joining tree.  I used 
JMODEL TEST (Guindon and Gascuel, 2003; Posada, 2008) to determine the best 
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nucleotide substitution model to use to build each neighbor-joining tree using the 
Bayesian Information Criterion.  The best nucleotide substitution model for Amphiuma 
means was not the same as that for Siren lacertina (see Results), and two different 
programs that each offered the appropriate model were used to build the neighbor-joining 
trees.  I built a neighbor-joining tree for A. means in MEGA5 (Tamura and Nei, 1993; 
Tamura et al., 2011).  Recognized nodes had >50% bootstrap support from 10,000 
bootstrap replications. I built a neighbor-joining tree for S. lacertina in DNADISTREE 
(Hasegawa et al., 1985; Criscuolo and Michel, 2009), and viewed the resulting tree in 
TREEVIEW (Page, 1996).  The rate of elementary quadruples (Guenoche and Garreta, 
2000) was used to obtain a confidence estimate of the topology.  To test for a relationship 
between the haplotypes and geography in order to infer the historical processes that 
shaped the sample populations, I conducted a nested clade analysis for each species using 
ANECA (Clement et al., 2000; Posada et al., 2000; Panchal, 2007).  For this analysis, I 
began with the DNA sequences to be tested and the geographic coordinates for the 
location that each sequence originated from.  TCS (Clement et al., 2000) was used to 
construct a haplotype network using a 95% parsimony criterion.  The haplotype network 
consisted of observed and inferred haplotypes with each step between two haplotypes 
representing a single inferred mutational state (Panchal and Beaumont, 2007).  Then a 
nesting algorithm (Panchal and Beaumont, 2007) was used to group the haplotypes into 
hierarchically nested clades.  Next the distance statistics Dn and Dc and their significance 
were calculated using GEODIS (Posada et al., 2000) and finally an inference key  
(Panchal and Beaumont, 2007) was applied to interpret the statistics and determine if 
there was a significant association between haplotypes and geography, and what 
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underlying historical process the resultant pattern suggested.  For A. means, three 
unconnected haplotype networks were obtained when TCS was performed with 95% 
parsimony criteria that set the connection limit. To create a haplotype network of 
connected clusters, TCS was performed without using the 95% parsimony criteria, with a 
connection limit of 50.  This step was not necessary for S. lacertina because a connected 
haplotype network was obtained when TCS was performed using the 95% parsimony 
criteria. 
I also compared the overall genetic diversity of Amphiuma means to that of Siren 
lacertina. To do this, I aligned all sequences of both species in MEGA5 (Tamura et al., 
2011) and edited the A. means sequences down to the 665bp length of the S. lacertina 
sequences.  Then I used FABOX (Villesen, 2007) to see if any haplotypes were shared 
between the two species.  An output file from FABOX was then used as the input file for 
ARLEQUIN (Excoffier and Lischer, 2010) to calculate overall haplotype diversity and 
nucleotide sequence diversity for each species.  I used the same procedure described 
above to examine the level of genetic differentiation of each species within a single 
sample site, the Green Swamp.  For this analysis, the beginning alignment contained just 
the sequences from the Green Swamp for each species. 
To examine the genetic diversity of Amphiuma means among a greater number of 
locations throughout the State, I analyzed my A. means sequences with 16 A. means 
cytochrome b sequences that were obtained from 16 different locations in the State by 
Bonnett et al. (2009) (FJ951306-FJ951320, and AY691722; see Bonnett et al. (2009) for 
a map of their study locations).  I aligned Bonnett et al.’s (2009) sequences with my own 
in MEGA5 and edited my sequences down to the length of theirs.  Then I collapsed the 
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sequences into haplotypes using FABOX (Villeson, 2007) and built a neighbor-joining 
tree using the same methods as those described above for my own A. means sequences.  
The only other Siren lacertina cytochrome b sequences that were available other than my 
own were those of Lui et al. (2006), which I already incorporated into my analysis.  
Finally, I calculated the divergence dates of the Amphiuma means populations in 
the data set comprised of my sequences and those of Bonnett et al. (2009) and of the 
Siren lacertina populations in the data set comprised of my sequences and those of Lui et 
al. (2006) to determine if the two species experienced different biogeographic histories in 
peninsular Florida.  The divergence dates were calculated in BEAST v1.6.2 (Drummond 
and Rambaut, 2007) using the HKY substitution model, the gamma site heterogeneity 
model with four categories, the strict clock model with a substitution rate of 0.008 per 
million years (Tan and Wake, 1995), which corresponds to the substitution rate of the 
cytochrome b gene in the California Newt (Taricha torosa), and a Markov chain with a 
length of 10,000,000.  The BEAST results were viewed in TRACER v1.5 (Rambaut and 
Drummond, 2009).  Initially, I ran BEAST using the uncorrelated relaxed lognormal 
clock model, (specifications the same as above) to determine if there was rate variation 
among the branches in each tree and thus which molecular clock rate variation model to 
use.  The results for both species showed that there was little to no variation in rates 
among branches and that the data could not reject a strict molecular clock.  
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Results: 
 
For Amphiuma means, a 690 base pair region of the cytochrome b gene was 
resolved and 64 variable sites were found.  Fourteen haplotypes were obtained, each of 
which was geographically unique (Table 3).  Lake Deaton had two haplotypes 
(Haplotypes AM1 and AM2; h = 0.4762 +/- 0.173; π = 0.000690 +/- 0.000770), the 
Green Swamp had eight haplotypes (Haplotypes AM3-AM10; h = 0.6798 +/- 0.1047; π = 
0.001466 +/- 0.001139), Belle Glade had three haplotypes (Haplotypes AM11-AM13; h 
= 1.0000 +/- 0.2722; π = 0.014493 +/- 0.011432), and Archbold had one haplotype 
(Haplotype AM14; h = 1.0000 +/- 0.0000; π = 0.000000 +/- 0.000000). 
For Siren lacertina, a 665 base pair region of the cytochrome b gene was resolved 
and six variable sites were found. Seven haplotypes were obtained (Table 4).  Lake 
Deaton had three haplotypes (Haplotypes SL1-SL3; h = 0.4762 +/- 0.1713; π = 0.000690 
+/- 0.000770), the Green Swamp had three haplotypes (Haplotypes SL1, SL3, and SL4; h 
= 0.6798 +/- 0.1047; π = 0.001466 +/- 0.001139), Myakka River State Park had one 
haplotype (Haplotype SL3; h = 1.0000 +/- 0.0000; π = 0.000000 +/- 0.000000), and 
Maytown Road in Volusia County had three haplotypes (Haplotypes SL5-SL7; h = 
0.8000 +/- 0.1640; π = 0.002105 +/- 0.001791).  One haplotype was shared between Lake 
Deaton and the Green Swamp (Haplotype SL1) and another was shared among Lake 
Deaton, the Green Swamp, and Myakka River State Park (Haplotype SL3). All other 
haplotypes were geographically unique. 
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The best-fit nucleotide substitution model for Amphiuma means was the Tamura-
Nei + g model (Tamura and Nei, 1993), where + g stands for rate variation among sites.  
The neighbor-joining tree showed that the haplotypes were significantly clustered by 
geographic location (Fig. 3): the first cluster contained all haplotypes from the Green 
Swamp, the second contained the single Archbold haplotype, the third contained the 
Belle Glade haplotypes, and the fourth contained the Lake Deaton haplotypes.  The 
Green Swamp cluster had seven haplotypes grouped together with 63% bootstrap support 
and the eight haplotype (AM8) was connected to that group with 100% bootstrap support.  
The Archbold cluster was connected to the Belle Glade Cluster with 99% bootstrap 
support.  Two Belle Glade haplotypes were connected with 93% bootstrap support and 
the third was connected to them with 73% bootstrap support.  The two Lake Deaton 
haplotypes were connected to each other with 100% bootstrap support.  The best-fit 
nucleotide substitution model for Siren lacertina was the Hasegawa, Kishino, and Yano 
model (Hasegawa et al., 1985).  The neighbor-joining tree showed that the haplotypes 
were not significantly clustered by geographic location (Fig. 4).  No nodes were 
supported by a high degree of confidence. 
The inference function of the nested clade analysis did not return a significant test 
for either species.  Therefore, it failed to reject the null hypothesis of no geographical 
associations within the nesting clade and no suggestion of a historical pattern was 
returned.  The haplotype network alone was used to look for a relationship between the 
haplotypes and geography in both cases and other methods, such as divergence date 
calculations, were used to determine the historical processes that shaped the populations. 
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The haplotype network for Amphiuma means showed three clusters of haplotypes 
that followed a broad-scale geographic pattern (Fig. 5).  The first cluster consisted of all 
Green Swamp haplotypes with 1-2 mutational steps between them.  The second cluster 
contained the single Archbold haplotype with all Belle Glade haplotypes.  The Archbold 
haplotype was six steps from the closest Belle Glade haplotype and the Belle Glade 
haplotypes were 3-13 steps from each other.  The third cluster contained the two Lake 
Deaton haplotypes which were 1 step apart. All three clusters were separated by at least 
24 steps.  The Green Swamp cluster was 24 steps from the Archbold/Belle Glade cluster 
and 32 steps from the Lake Deaton cluster.  The Archbold/Belle Glade cluster was 35 
steps from the Lake Deaton cluster.  The haplotype network for Siren lacertina showed 
that all but one of the haplotypes (SL7) were just 0-1 steps from each other and there 
were not distinct clusters that contained all haplotypes from each broad-scale geographic 
location (Fig. 6).  Haplotype SL7 from Maytown Road was one step from Haplotype SL6 
from Maytown Road and 2-3 steps from the other haplotypes.  
At the fine scale there were five Amphiuma means Green Swamp haplotypes that 
came solely from the first drainage basin (AM4, AM7-10), one from the third drainage 
basin (AM5), and two that were shared between the first and second drainage basins 
(AM3 and AM6).  The Green Swamp haplotypes did not form separate clusters by 
drainage basin in the A. means neighbor-joining tree (Fig. 3) or the haplotype network 
(Fig. 5).  In the neighbor-joining tree seven of the Green Swamp haplotypes (AM3-7 and 
AM9-10) formed a single cluster with 63% bootstrap support and the remaining Green 
Swamp haplotype (AM8) was connected to this cluster with 100% bootstrap support (Fig. 
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3).  In the haplotype network the Green Swamp haplotypes formed a single cluster with 
1-2 steps between them (Fig. 5). 
No haplotypes were shared between Amphiuma means and Siren lacertina.  The 
overall haplotype diversity of A. means (h = 0.8360 +/- 0.0554) was similar to that of S. 
lacertina (h = 0.7143 +/- 0.0972), but the overall nucleotide sequence diversity of A. 
means (π = 0.022859 +/- 0.011646) was an order of magnitude larger than that of S. 
lacertina (π = 0.001575 +/- 0.001216).  Within the Green Swamp both the haplotype 
diversity and the nucleotide sequence diversity of A. means (h = 0.6798 +/- 0.1047; π = 
0.001522 +/- 0.001182) and S. lacertina (h = 0.4727 +/- 0.1617; π = 0.000766 +/- 
0.000788) were similar.  
The edited alignment of Bonnett et al.’s (2009) and my Amphiuma means 
sequences was 625 base pairs long and there were 88 variable sites among the sequences.  
Twenty-eight haplotypes were obtained, and no haplotypes were shared between my 
study sites and those of Bonnett et al. (2009).  I found the same number of haplotypes for 
each of my study sites for the 625 bp portion of the cytochrome b gene as there had been 
for the 690 bp portion of the gene; the Green Swamp had eight haplotypes (AMB3-
AMB10), Lake Deaton had two haplotypes (AMB1 and AMB2), Belle Glade had three 
haplotypes (AMB11-AMB13), and Archbold had one (AMB14).  Fourteen haplotypes 
were obtained for Bonnett et al.’s (2009) sequences (AMB15-AMB28), and all but two of 
them corresponded to a unique geographic location.  Haplotype AMB20 was shared by 
Clear Lake in Leon County and US 27 in Taylor County, and Haplotype AMB21 was 
shared by Silver Lake in Leon County and the Ocklocknee River in Liberty County.   
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The best-fit nucleotide substitution model for Bonnett et al.’s (2009) and my 
Amphiuma means haplotypes was the Tamura-Nei + g model (Tamura and Nei, 1993).  
The neighbor-joining tree showed that the haplotypes were significantly clustered by 
geographic location into three major clusters that each contained multiple sub-clusters 
(Fig. 7).  The first major cluster had 81% bootstrap support, and contained haplotypes 
from the Green Swamp (Sumter County) and several of Bonnett et al.’s (2009) study sites 
northwest of the Green Swamp, including: Gulf Hammock (Levy County), Clear Lake 
(Leon County), US 27 (Taylor County), Silver Lake (Leon County), the Ocklocknee 
River (Liberty County), Osceola National Forest (Baker County), the Escambia River 
(Santa Rosa County), Walton Pond (Okaloosa County), and Munson (Santa Rosa 
County).  The second major cluster of the tree had 98% bootstrap support, and contained 
haplotypes from Archbold (Highlands County), Belle Glade (Glades County), Shingle 
Creek (Orange County), and Pollywog Creek (Glades County).  The third major cluster in 
the tree had 100% bootstrap support and contained haplotypes from Lake Deaton (Sumter 
County), Bonnett et al.’s (2009) two sites in Putnam County (Dunns Creek State Park and 
Rodman Reservoir), and their three sites in Alachua County (River Styx, Gainesville, and 
Orange Lake).  
The Amphiuma means and Siren lacertina population divergence dates for the two 
sites from which both species were sampled, the Green Swamp and Lake Deaton, were 
vastly different.  Amphiuma means had a divergence date for the Green Swamp and Lake 
Deaton populations of 3.3-6.4 million years ago (mya) while that of Siren lacertina was 
0.04-0.5 mya.  The divergence date for all of the A. means populations in the tested data 
set was 3.3-6.4 mya.  The divergence date for all of the S. lacertina populations in the 
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tested data set was 0.07-0.5 mya.  The divergence dates for A. means for the other pairs 
of populations from my study sites were as follows: Belle Glade and Archbold: 0.6-1.6 
mya; the Green Swamp and Archbold: 2.1-4.2 mya; the Green Swamp and Belle Glade: 
2.1-4.2 mya; Lake Deaton and Archbold: 3.3-6.4 mya; and Lake Deaton and Belle Glade: 
3.3-6.4 mya.  Divergence dates could not be calculated for any other pairs of S. lacertina 
populations because three of the four populations, the Green Swamp, Lake Deaton, and 
Myakka River State Park, shared a haplotype.  
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Discussion: 
 
My results showed that Amphiuma means and Siren lacertina have different 
levels of population structure for the cytochrome b gene among the sampled populations.  
I detected a high level of population structure for Amphiuma means as illustrated by the 
statistically significant clustering of haplotypes by broad-scale geographic location in 
both the neighbor-joining tree and the haplotype network, and the large number of steps 
(24-35) separating each cluster of haplotypes in the network.  The fewer number of steps 
that separates Archbold and Belle Glade in the haplotype network in comparison to the 
other broad-scale study sites might reflect to an aquatic connection between the two sites.  
It would be necessary to examine water bodies between the two sites and their drainage 
patterns to determine this for sure, but it does not seem out of the question because 
Archbold is located along the St Whales Ridge and thus is at a higher elevation than Belle 
Glade.  I did not detect statistically significant population structure for Siren lacertina as 
neither the neighbor-joining tree nor the haplotype network indicated a geographic 
pattern and all haplotypes were just 0-3 steps apart in the network.  The difference in 
population structure between the two species was further illustrated by the fact that the 
overall nucleotide sequence diversity of A. means (0.022859 +/- 0.011646) was an order 
of magnitude larger than that for S. lacertina (0.001575 +/- 0.0012).  The difference I 
observed between the two species is robust despite my relatively low sample sizes. A 
larger sample might yield a statistically significant amount of population structure for S. 
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lacertina, but it would still be of a lower magnitude than that of A. means because there 
would still be S. lacertina haplotypes with just a few steps between them. 
Although a difference exists in population structure among Amphiuma means and 
Siren lacertina populations, both species had similar levels of genetic differentiation 
within a population.  Within the Green Swamp the haplotype diversity of A. means was 
0.6798 (+/- 0.1047), while that of S. lacertina was 0.4727 (+/- 0.1617), and their 
nucleotide sequence diversities were 0.001522 (+/- 0.001182) and 0.000766 (+/- 
0.000788), respectively.  Furthermore, the overall haplotype diversity was similar 
between the two species: 0.8360 +/- 0.0554 for A. means and 0.7143 +/- 0.0972 for S. 
lacertina. 
The results did not support the fine-scale hypothesis that there would be genetic 
differentiation in Amphiuma means among drainage basins at the Green Swamp.  Of the 
eight A. means Green Swamp haplotypes, two were shared between drainage basins one 
and two.  Furthermore, in both the neighbor-joining tree and the haplotype network, all 
of the Green Swamp haplotypes clustered together.  Thus, it appears that periodic floods 
that connect all three drainage basins have been frequent enough to swamp out any 
genetic differences among them.  This is not too surprising because the Green Swamp is 
a low-lying area that experiences seasonal flooding and the three drainage basins 
sampled are adjacent to each other.  I would expect to see genetic differentiation in A. 
means among drainage basins in other parts of their range that have a greater level of 
topographic isolation.  
The neighbor-joining tree of my and Bonnett et al.’s (2009) Amphiuma means 
sequences showed three major statistically significant clusters of haplotypes that 
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corresponded to geographic location.  These clusters may be the result of either current 
or historically connected waterways among the different sites, however more work is 
needed to examine this possibility.  These results do, however, show that A. means 
exhibits statistically significant population structure among a greater number of broad-
scale locations within Florida.  The sample size for each of Bonnett et al.’s (2009) study 
sites was 1, so future work needs to be done to collect more samples from those areas to 
further examine the relationships in A. means diversity among them. 
The different levels of population structure of Amphiuma means and Siren 
lacertina among my study sites indicate that populations of the two species either have 
different levels of gene flow, different biogeographic histories, or some combination of 
the two.  Several potential causes exist for a difference in gene flow, including: different 
effective population sizes (Ne), differences in female dispersal capabilities or behaviors, 
and bait-bucket transfers of S. lacertina among sites by humans.  The difference in 
population structure could also be caused by a difference in biogeographic history in 
peninsular Florida. 
Small effective population sizes (Ne) can lead to high levels of population 
structure because genetic drift acts more strongly on small populations than it does on 
large ones (Hamilton, 2009).  Small Ne has been used to explain high levels of population 
structure in other aquatic salamander taxa such as the Hellbender (Cryptobranchus 
alleganiensis, Crowhurst et al., 2011), the Idaho Giant Salamander (Dicamptodon 
aterrimus, Mullen et al., 2010), and the Giant Chinese Salamander (Andrias davidianus, 
Murphy et al., 2000).  If Amphiuma means has smaller effective population sizes than 
Siren lacertina this could explain its higher level of population structure.  The difference 
22 
 
in effective population sizes between the two species would have to be extremely large, 
however, to cause the observed difference in population structure.  Furthermore, if the 
two species had greatly different population sizes or A. means had experienced a 
bottleneck, they would have different levels of genetic diversity within the Green Swamp, 
but they do not.  Therefore, I can discount a difference in Ne as the cause of the difference 
in population structure.  
A difference in female dispersal could also cause the difference in population 
structure between Amphiuma means and Siren lacertina.  The first possibility is that S. 
lacertina could have greater dry land dispersal capabilities than A. means which would 
lead to higher gene flow among their populations and lower genetic structure.  In Steele 
et al.’s (2009) study of two sympatric Dicamptodon species in Washington state, they 
found that the more terrestrial species with better overland dispersal, the Pacific Giant 
Salamander (Dicamptodon tenebrosus), had minimal population structure, while the more 
aquatic species with limited overland dispersal, Cope’s Giant Salamander (Dicamptodon 
copei), had a high level of population structure.  Limited overland dispersal has been used 
to explain high levels of population structure in several other aquatic salamander species 
as well, including: the Tiger Salamander (Ambystoma tigrinum, Templeton et al., 1995), 
the Hellbender (Cryptobranchus alleganiensis, Sabatino and Routman, 2009; Crowhurst 
et al., 2011), and the Idaho Giant Salamander (Dicamptodon aterrimus, Mullen et al., 
2010).  Siren lacertina is not thought to disperse well over dry land, however, due to its 
diminutive limbs (Snodgrass et al., 1999; Schalk and Luhring, 2010).  Furthermore, the 
species is known to aestivate in the mud when the wetlands it inhabits dry out (Etheridge 
1990; Aresco, 2001), and it seems unlikely that this adaptive behavior would evolve if the 
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species could disperse over dry land.  Therefore, a difference in dry land dispersal 
capabilities between the two species is unlikely to be the cause of their difference in 
population structure.  Radio telemetry studies would need to be done on S. lacertina, 
however, to definitively determine whether it disperses over dry land. 
If most dispersal of Amphiuma means and Siren lacertina is limited to flooding 
events, as is assumed (Snodgrass et al., 1999), then it does not seem likely that one would 
be better at aquatic dispersal than the other.  It is possible, however, that A. means 
females could exhibit different dispersal behavior than S. lacertina females.  If A. means 
females are strongly philopatric and S. lacertina females are not this could explain their 
difference in population structure.  Female philopatry has been proposed as the cause of 
population structure in aquatic Tiger Salamanders (Ambystoma tigrinum, Templeton et 
al., 1995), and Hellbenders (Cryptobranchus alleganiensis, Sabatino and Routman, 
2009), as well as the terrestrial Oregon Slender Salamander (Batrachoseps wrighti, Miller 
et al., 2005), and freshwater fish such as Walleye (Stizostedion vitreum, Stepien and 
Faber, 2008).  Philopatry, or the lack thereof, has not been documented in A. means or S. 
lacertina.  The few accounts of S. lacertina eggs found in nature all describe eggs found 
in clumps among aquatic vegetation (Goin, 1947; Petranka, 1998) and their incubation 
period is thought to be about 2 months (Ultsch, 1973).  It appears to be unknown whether 
or not adult S. lacertina guard their eggs, but it is known that adults guard eggs in their 
sister species, Siren intermedia (Godley, 1983). References exist in the literature 
regarding female A. means guarding terrestrial nest chambers (Weber 1944; Seyle 1985), 
but the sex of A. means is difficult to determine externally (Sorenson, 2003), and it is 
unclear if the sex of adults found in these studies was known or assumed.  Bancroft et al. 
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(1983) checked the sex of two A. means that they found guarding egg clutches and both 
were female.  If A. means females guard eggs and construct nest chambers, then a certain 
level of dedication to their nesting sites is indicated and could signal philopatry.  
Furthermore, the incubation period of A. means eggs is thought to last as long as 5-6 
months (Bancroft et al., 1983; Petranka, 1998), which could limit the dispersal rates of 
females.  In order to cause the difference that I found in population structure among the 
two species, however, A. means females would need to never leave their natal areas.  
Even if they are attending eggs for many months of the year, they have to leave egg 
chambers to forage at some point, and thus it seems unlikely that they would never 
disperse during flooding events.  Radio telemetry studies are needed, however, to 
investigate the possibility that A. means females might be strongly philopatric. 
Translocation of organisms by humans can increase gene flow among isolated 
populations and cause low population structure.  In China, the Chinese Giant Salamander 
is traded for food and traditional medicine, and escape of salamanders during transport, 
as well as release of confiscated individuals to rivers they did not originate from, is 
thought to have caused its low population structure (Murphy et al., 2000).  On several 
instances, aquatic salamander species have been translocated by humans through bait-
bucket release (Bonnet et al., 2007; Fitzpatrick and Shaffer, 2007; Wooten et al., 2010).  
Wooten et al. (2010) found low population structure in Desmognathus folkertsi that has 
been attributed to bait-bucket release.  The low population structure in Siren lacertina 
could potentially be explained by bait-bucket release by humans.  However, because S. 
lacertina and Amphiuma means often co-occur in the same wetlands, and have similar 
sizes and outward appearances, it seems unlikely that fisherman would preferentially 
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chose one species over the other to use as bait.  Furthermore, a great deal of trapping 
effort is often required to catch these organisms, which would not make them ideal 
candidates for bait (see Appendix 2).  
The last possible cause of the difference in population structure between 
Amphiuma means and Siren lacertina is that they might have experienced different 
biogeographic histories in peninsular Florida.  If the two species ended up in different 
refugia during past geologic events that led to S. lacertina colonizing the study wetlands 
later than A. means did then this could explain their difference in population structure.  
Populations that have colonized an area more recently typically have a lower level of 
population structure than those that colonized an area earlier because they have had less 
time to accumulate genetic differences (Hewitt, 1996; Zamudio and Savage, 2003; 
Mullen et al., 2010).  This is difference is particularly apparent when rapid population 
expansions occur from a leading edge and colonizing populations experience the founder 
effect and/or bottlenecks, as was the case in many of the post-glacial range expansions in 
Europe and North America (Hewitt, 1996; Zamudio and Savage, 2003).  In several North 
American salamander species, populations in southern areas that served as glacial refugia 
have higher levels of population structure than those in northern, formerly glaciated areas 
(Zamudio and Savage, 2003; Mullen et al., 2010; Kuchta and Tan, 2005).  
Although Florida was not glaciated, it did experience a dynamic biogeographic 
history with many sea level drops and rises in the late Cenozoic Era that led to changes in 
its size, shape, and climate (Webb, 1990).  During sea level rises, saltwater intrusion into 
formerly freshwater wetlands would have caused organisms, such as A. means and S. 
lacertina, to be restricted to any remaining freshwater refugia (Lui et al., 2006).  During 
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the last glaciation with the last major lowering of sea levels, the climate of peninsular 
Florida was arid with fewer wetlands present (Webb, 1990) and the two species would 
have been restricted to the remaining wet refugia.  It is assumed that peninsular Florida 
experienced similarly arid conditions during previous low sea levels as well (Webb, 
1990).  When I calculated divergence dates for the A. means and S. lacertina populations 
at the Green Swamp and Lake Deaton, I found that the A. means populations had a much 
older date of divergence (3.3-6.4 mya) then the S. lacertina populations (0.04-0.5 mya).  
This difference indicates that the two species did experience different biogeographic 
histories in peninsular Florida that likely led to their differences in population structure.  
The divergence date of the S. lacertina populations corresponds to the late Pleistocene, 
which suggests that this species colonized peninsular Florida from refugia somewhere 
else following either a glacial sea level rise, or an interglacial sea level fall. Amphiuma 
means, on the other hand, must have already been present in refugia within peninsular 
Florida during this time.  The fossil record is unable to offer insights into this hypothesis 
as there are no A. means or S. lacertina fossils recorded from the late Pleistocene in 
central peninsular Florida (see Appendix 3). 
Of the potential causes for the difference in genetic differentiation between 
Amphiuma means and Siren lacertina, it appears that the most likely is that the two 
species experienced different biogeographic histories in peninsular Florida.  The fact that 
their populations in peninsular Florida have such vastly different divergence dates 
strongly supports this hypothesis.  Although it is unlikely that a difference in female 
dispersal capabilities or philopatry could have caused the large difference in population 
structure between the two species, there is, nonetheless, a need for radio telemetry studies 
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to explicitly examine their dispersal.  To date the only published study that has 
incorporated radio telemetry for either species is that of Bancroft et al. (1983) and they 
were only able to use it to track two male A. means.  It might also be worthwhile to look 
into the desiccation tolerance of the two species because it could signal a difference in 
their dry land dispersal capabilities.  As the first study to examine population genetics in 
A. means or S. lacertina, this raises many additional questions about their population 
genetics throughout their ranges.  It would be interesting to try and determine where the 
refuge is that S. lacertina came from to colonize peninsular Florida.  It would also be 
interesting to look into the population genetics of both species throughout their ranges to 
see how historical biogeography and/or gene flow have structured their populations in 
other areas.  
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Table 1. Sample Sizes for Broad Scale Study Sites.  
 
Sample Location/ 
Abbreviation 
Amphiuma 
means  
Siren lacertina  
Lake Deaton  
(LD) 
7 4 
Green Swamp  
(GS) 
23 11 
Archbold Biological 
Station  
(AB) 
1  
Belle Glade  
(BG) 
3  
Myakka River State 
Park  
(MRSP) 
 1 sequence 
(1 haplotype)* 
Volusia County 
Maytown Road 
(VCMR) 
 5 sequences 
(3 haplotypes)* 
Total 34 21 
*From Lui et al. 2006. 
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Table 2. Sample Sizes for Fine Scale Study Sites within the Green Swamp. 
 
Sample Location/ 
Abbreviation 
Amphiuma means 
2nd Gate Wetland 1 
(2GW1) 
4 
2nd Gate Wetland 2 
(2GW2) 
6 
Green Swamp West 1 
(GWS1) 
12 
Main 1  
(Main 1) 
1 
Green Swamp Total 
 
23 
30 
 
Table 3. Relative Haplotype Frequencies, Haplotype Diversity (h) and Nucleotide 
Sequence Diversity (π) for Amphiuma means.  
 
Haplotype LD (n = 7) GS (n = 23) BG (n = 3) AB (n = 1) 
AM1 0.714 0 0 0 
AM2 0.286 0 0 0 
AM3 0 0.565 0 0 
AM4 0 0.0435 0 0 
AM5 0 0.0435 0 0 
AM6 0 0.087 0 0 
AM7 0 0.087 0 0 
AM8 0 0.087 0 0 
AM9 0 0.0435 0 0 
AM10 0 0.0435 0 0 
AM11 0 0 0.333 0 
AM12 0 0 0.333 0 
AM13 0 0 0.333 0 
AM14 0 0 0 1 
h 
0.4762    
+/- 0.1713 
0.6798  
+/- 0.1047 
1.0000    
+/- 0.2722 
1.0000 
+/- 0.0000 
π 
0.000690 
+/- 0.000770 
0.001466      
+/- 0.001139 
0.014493  
+/- 0.011432 
0.000000  
+/- 0.000000 
LD = Lake Deaton, GS = Green Swamp, BG = Belle Glade, AB = Archbold. 
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Table 4. Relative Haplotype Frequencies, Haplotype Diversity (h), and Nucleotide 
Sequence Diversity (π) for Siren lacertina.  
 
Haplotype LD (n = 4) GS (n = 11) MRSP (n = 1) VCMR (n = 5) 
SL3 0.5 0.727 1 0 
SL4 0 0.0909 0 0 
SL1 0.25 0.182 0 0 
SL2 0.25 0 0 0 
SL5 0 0 0 0.2 
SL6 0 0 0 0.4 
SL7 0 0 0 0.4 
h 
0.833  
+/- 0.224 
0.4727  
+/- 0.1617 
1.0000  
+/- 0.0000 
0.8000 
+/- 0.1640 
π 
0.001504  
+/- 0.001490 
0.000766  
+/- 0.000788 
0.000000 
+/- 0.000000 
0.002105 
+/- 0.001791 
LD = Lake Deaton, GS= Green Swamp, MRSP = Myakka River State Park, VCMR = 
Volusia County Maytown Road. 
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Table 5. My Abbreviations for Bonnett et al.’s (2009) Florida Study Sites.  
 
County, Site Abbreviation 
Levy, Gulf Hammock LEC-GH 
Leon, Clear Lake LNC-CL 
Taylor, US 27 TC-US27 
Leon, Silver Lake LNC-SL 
Liberty, Ochlockonee River LIC-OR 
Baker, Osceola N. F. Rd. 241 BC-ONF 
Santa Rosa, Escambia River SRC-ER 
Okaloosa, Walton Pond OKC-WP 
Santa Rosa, near Munson SRC-M 
Glades, Pollywog Creek GC-PC 
Orange, Shingle Creek ORC-SC 
Putnam, Dunns Creek State Park PC-DC 
Putnam, Rodman Reservoir PC-RR 
Alachua, River Styx AC-RS 
Alachua, Gainesville AC-G 
Alachua, Orange Lake AC-OL 
Sites are listed in the order they appear in Figure 7. For original site listings see Bonnet et 
al.’s (2009) Table 1S. 
  
  
Figure 1. Locations of the 
Volusia County Maytown Road, GS = Green Swamp, MRSP = Myakka River State Park, 
AB = Archbold, and BG = Belle Glade.
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Broad-Scale Study Sites. LD = Lake Deaton, VCMR = 
 
  
 
Figure 2. Locations of the Fine
lines show drainage basin lines as designated by The Southwest Florida Water 
Management District.  The numbers correspond to the sampled drainage basins.
wetland labels stand for: Green Swamp West 1 (GSW1), 2
Gate Wetland 2 (2GW2), and Main 1.
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-Scale Study Sites within the Green Swamp. 
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Figure 3. Neighbor-Joining 
MEGA5 (Tamura et al., 2011)
as the nucleotide substitution model
phylogeny.  The numbers at the nodes represent the percenta
that node.  Recognized nodes had >50% bootstrap support.
with its number, followed by a dash
clusters of haplotypes are shown
individual wetlands labeled (GSW1 = Green Swamp West 1,
1, 2GW2 = 2nd Gate Wetland 2, and Ma
third Belle Glade (BG), and the fourth
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Tree for Amphiuma means.  The tree was constructed
 using the Tamura-Nei + g model (Tamura and Nei, 1993) 
 and 10,000 bootstrap replications to test the 
ge of bootstrap support for 
  Each haplotype is labeled 
 and the location(s) for the haplotype
.  The first corresponds to the Green Swamp with its 
 2GW1 = 2nd
in 1 = Main 1), the second to Archbold (AB), the 
 to Lake Deaton (LD). 
 
 in 
.  Four distinct 
 Gate Wetland 
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Figure 4. Neighbor-Joining Tree for Siren lacertina.  The tree was constructed in 
DNADISTREE (Criscuolo and Michel, 2009) using the Hasegawa, Kishino, and Yano 
model (Hasegawa et al., 1985), and viewed in TREEVIEW (Page, 1996).  The rate of 
elementary quadruples was used to test the phylogeny (Guenoche and Garreta, 2000).  No 
node had a rate of elementary quadruples >0.  Each haplotype is labeled with its number, 
followed by a dash and the location(s) for the haplotype.  The locations correspond to the 
Green Swamp with its individual wetlands labeled (GSW1 = Green Swamp West 1, and 
2GW1 = 2nd Gate Wetland 1), Lake Deaton (LD), Myakka River State Park (MRSP) and 
Volusia County Maytown Road (VCMR).  No significant clusters of haplotypes were 
observed.  
  
 
 
 
Figure 5. Haplotype Network for Amphiuma 
fixed connection limit of 50.  A single dash represents one
inferred missing haplotypes with the number given above the dash.
backslash and the location(s) for the haplotype. 
Swamp (GSW1 = Green Swamp West 1; 
(AB) and Belle Glade (BG), and Lake Deaton (LD).
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means.  The network was constructed using TCS (Clement et al., 2000)
 inferred missing haplotype; a double dash represents multiple
  Each haplotype is labeled with its number, followed by a 
 Three unique clusters of haplotypes are shown that correspond to the Green 
2GW1 = 2nd Gate Wetland 1; 2GW2 = 2nd Gate Wetland 2, and Main 1
  
 
 with a 
 
), Archbold 
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Figure 6. Haplotype Network for Siren lacertina.  The network was constructed using 
TCS (Clement et al., 2000) with 95% parsimony criteria.  Each haplotype is labeled with 
its number, followed by a backslash and the location(s) for the haplotype.  The locations 
correspond to the Green Swamp with its individual wetlands labeled (GSW1 = Green 
Swamp West 1, and 2GW1 = 2nd Gate Wetland 1), Lake Deaton (LD), Myakka River 
State Park (MRSP) and Volusia County Maytown Road (VCMR). Haplotypes did not 
form unique clusters by sampling sites and are just 0-3 steps apart.  
 
 
  
Figure 7. Neighbor-Joining Tree for 
Bonnett et al. (2009).  The tree was
the Tamura-Nei + g model
and 10,000 bootstrap replications to test the phylogeny
represent the percentage of bootstrap support for each node.
with its number, followed by a dash and the location(s) for the haplotype.
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Appendix 1: Within Drainage Basin Genetic Diversity of Siren lacertina 
 
I obtained Siren lacertina sequences from two Green Swamp wetlands that are 3 
km apart and located in a single drainage basin (Drainage Basin 1): 2nd Gate Wetland 1 
(2GW1; n = 5) and Green Swamp West 1 (GSW1; n = 6) (Fig. 2).  There were three 
haplotypes found at the Green Swamp: SL1, SL3, and SL4.  The first (SL1) was found in 
GSW1 and one other broad scale study site (LD), the second (SL4) was found only in 
2GW1, and the third was shared among 2GW1, GSW1 and two broad scale study sites 
(LD and MRSP).  The S. lacertina neighbor-joining tree (Fig. 4) and haplotype network 
(Fig. 6) showed that the haplotypes from 2GW1 and GSW1 did not form different 
statistically significant clusters and the haplotypes were just 0-2 steps apart in the 
haplotype network.  Therefore, I did not detect a difference in genetic diversity between 
these two wetlands within the same drainage basin. 
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Appendix 2: Trapping 
 
Introduction. I analyzed Amphiuma means and Siren lacertina trapping data 
from the Green Swamp to determine if catch per unit effort differed among two types of 
commercially available aquatic traps, and if presence/absence differed among wetland 
sizes. 
 
Methods. 
 
Study Sites / Sample Collection. I sampled Amphiuma means and Siren lacertina 
from four locations in the state of Florida: Lake Deaton, the Green Swamp, Archbold 
Biological Station, and Belle Glade (Fig. 1).  I trapped salamanders at Lake Deaton from 
April-July 2009 in a ditch and small pond connected to the lake, and a second small pond 
near the lake, using modified commercial crayfish traps (Johnson and Barichivich, 2004) 
and home-made crayfish traps.  I trapped salamanders at 16 different naturally isolated 
wetlands in four different drainage basins at the Green Swamp (Fig. A1) from April to 
June 2010 using modified commercial crayfish traps (Johnson and Barichivich, 2004) and 
plastic-coated steel mesh minnow traps (Gee’s Minnow-Napper, Cuba Specialty MFG. 
Co., Inc.).  The modified commercial crayfish traps have a wide bell-shaped bottom with 
three funnels at the base set at 45° angles and a neck at the top with a lid that allows 
access to the inside of the trap (Johnson and Barichivich, 2004).  The minnow traps in 
shallow areas were set with their funnels flush with the wetland substrate, while those in 
deeper areas were floated near the top of the water.  The modified commercial crayfish  
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traps and home-made crayfish traps were set with their funnels flush with the wetland 
substrate in all areas.  Air space was left at the tops of all traps to prevent drowning.  
Traps were baited with canned sardines, set in the morning, and checked the next 
morning.  Traps were haphazardly dispersed in the field, and the trapping period was not 
the same at each wetland because the main goal of the study was to capture as many 
salamanders as possible for genetic analysis.  Salamanders at Archbold were hand 
collected from a drying ditch in May 2008. Belle Glade individuals were collected using 
a four person, 2.1 x 2.59 m hyacinth seine (similar to that used in Godley, 1980) on 
March 7, 2008.  Individuals were returned to their capture location after a tissue sample 
was taken for genetic analysis.  Recaptures were identified by recently cut tails. I 
measured the total length (TL) and snout vent length (SVL) of salamanders at Lake 
Deaton and the Green Swamp using string that was later measured with a ruler to the 
nearest mm, and I measured wet weight with a Pesola spring scale. 
 
Trapping Analysis. For both study species I compared the catch per unit effort of 
commercial crayfish traps to that of minnow traps at the Green Swamp using a Wilcoxin 
Paired Sample  Test in STATISTICA 9 (StatSoft, 2009).  Catch per unit effort was 
calculated as the number of captures divided by the number of trap days (number of traps 
x number of 24 h periods traps were out) for each wetland.  I sampled two different 
wetland types at the Green Swamp: small wetlands and large wetlands.  The large 
wetlands were generally deeper than the small wetlands.  Of the 15 Green Swamp  
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wetlands sampled, nine were large and six were small.  I compared the presence/absence 
of each species in the two wetland types by running a G-test with Yate’s Correction on a 
2x2 contingency table in STATISTICA 9 (StatSoft, 2009).  For all analyses α = 0.1 was 
used to determine statistical significance.  
 
Results. 
 
Trapping Results. I caught 12 Amphiuma means and 12 Siren lacertina at Lake 
Deaton (Table A1).  Total length (TL) of A. means at Lake Deaton ranged from 346-686 
mm, SVL from 273-466 mm, and wet weight from 39-500 g (Table A2).  Total length 
(TL) of S. lacertina at Lake Deaton ranged from 248-548 mm, SVL from 100-390, and 
wet weight from 55 to >500 g. I had a total of 30 A. means captures at the Green Swamp, 
all of which occurred in commercial crayfish traps.  Not a single A. means was captured 
in a minnow trap.  Of the 30 captures, 28 occurred in large wetlands and 2 occurred in 
small wetlands (Table A1).  One individual was a confirmed recapture.  The TL of A. 
means at the Green Swamp ranged from 386-764 mm, SVL from 263-600 mm, and wet 
weight from 55-1005 g (Table A2).  I had a total of 29 S. lacertina captures at the Green 
Swamp with 25 occurring in crayfish traps and 4 occurring in minnow traps.  Of the 29 
captures, 24 occurred in large wetlands, 4 occurred in small wetlands, and one occurred 
in a drying pond that was not included in wetland type analysis (Table A1).  The TL of S. 
lacertina at the Green Swamp ranged from 193-489 mm, SVL from 131-339 mm, and 
wet weight  
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from 15-350 g (Table A2).  There were 11 A. means and one S. lacertina captured at 
Archbold, and eight A. means and two S. lacertina captured at Belle Glade. 
 
Trapping Analysis Results. The Wilcoxin Paired Sample Test showed that catch 
per unit effort of Amphiuma means at the Green Swamp was significantly different 
between commercial crayfish traps and minnow traps (T = 0.00, p = 0.04; Fig. A2).  The 
commercial crayfish traps were significantly more successful at catching A. means than 
the minnow traps (Fig. A2).  A second Wilcoxin Paired Sample test showed that the catch 
per unit effort of Siren lacertina at the Green Swamp was also significantly different 
between commercial crayfish traps and minnow traps (T = 3.00, p = 0.06; Fig. A3).  As 
with A. means, the commercial crayfish traps were significantly more successful at 
catching S. lacertina than the minnow traps (Fig. A3). 
Small sample sizes for Amphiuma means caused a lack of power which led to an 
inability to detect a difference in presence/absence of this species between large and 
small wetlands at the Green Swamp (G = 0.3188, p > 0.5).  There is some indication from 
the presence/absence data, however, that A. means was present more often in large 
wetlands than small wetlands (Table A3).  Amphiuma means was present in 44% of large 
wetlands, and absent in 56%, while it was present in just 17% of small wetlands and 
absent in 83%.  Siren lacertina sample sizes also were small and caused a lack of power 
which led to an inability to detect a statistical difference in their presence/absence  
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between large and small wetlands at the Green Swamp (G = 0.1004, p > 0.5).  There was 
no trend in presence/absence data for this species (Table A4). Siren lacertina was present 
in 56% of large wetlands and absent in 44%, and it was present in 50% of small wetlands 
and absent in 50%. 
 
Discussion. The Wilcoxin Paired Sample tests for both Amphiuma means and 
Siren lacertina showed that catch per unit effort of the commercial crayfish traps was 
significantly greater than that of the minnow traps at the Green Swamp.  Three previous 
studies conducted in Florida and south Georgia have also shown these commercial 
crayfish traps to be more successful than minnow traps at capturing A. means and S. 
lacertina (Sorenson, 2003; Johnson and Barichivich, 2004; Crabill, 2007).  Sorenson 
(2003), who floated her minnow traps, attributed the greater success of the crayfish traps 
to the fact that the crayfish trap funnels were adjacent to the bottoms of wetlands where 
the salamanders spend the majority of their time, while the minnow trap funnels were 
located at the top of the water column.  Because the commercial crayfish traps can be set 
in much deeper water (up to 60 cm deep) than the minnow traps (about 15cm deep) while 
still having their funnels flush with the wetland substrate and leaving space for air-
breathing organisms, they are better at sampling bottom-dwelling organisms in deep 
water than the minnow traps (Johnson and Barichivich, 2004).  My results are only 
partially explained by this difference between the trap types because I floated minnow 
traps in deeper water, and set them on the wetland substrate in shallow water. 
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 Crabill (2007) set her minnow traps on the wetland substrate in water that was about 
15cm deep.  Our results as well as those of Crabill (2007) suggest that at least in some 
wetlands crayfish traps are more successful than minnow traps set on the wetland 
substrate.  This could reflect a habitat preference of deeper water by the salamanders, 
however, because the crayfish traps must be set in water at least 20 cm deep to 
completely submerge their funnels. 
I did not detect a statistical difference in presence/absence of either species 
between large and small wetlands at the Green Swamp, but the data suggested that 
Amphiuma means may be present more often in large wetlands (Tables A1 and A2).  
Given their fully aquatic lifestyles and presumed poor dry land dispersal capabilities, it 
makes sense that both species would be more likely to occur in large wetlands that hold 
water for longer periods of time, than small, shallow wetlands that dry frequently.  
Although amphiumas and sirens can aestivate to survive drought conditions, they can’t 
aestivate multiple times in a row without sufficient time to feed in flooded wetlands and 
build up fat reserves (Gehlbach et al., 1973; Etheridge 1990; Snodgrass et al. 1999).  In 
their study of temporary ponds in South Carolina, Snodgrass et al. (1999) found that A. 
means and S. lacertina only occurred in wetlands that had water for at least six months a 
year.  Larger sample sizes would be needed to definitively determine whether both 
species occur more often in large versus small wetlands at the Green Swamp. 
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Table A1. Trapping Sample Sizes.  
 
Sample 
Location 
Wetland 
Name Wetland Type 
# A. means 
Captured 
# S. lacertina 
Captured 
Lake Deaton   12 12 
Green Swamp 2nd Gt Wtlnd 1 Large 4 5 
2nd Gt Wtlnd 2 Large 8 0 
Bullbarn 1 Large 1 0 
GSW5 Large 0 1 
GSW7 Large 0 0 
GSW1 Large 15 14 
GSW2 Large 0 1 
GSW6/GSW8 Large 0 0 
RR1 Large 0 3 
Tanic Small 0 1 
Main 1 Small 2 2 
Bullbarn 2 Small 0 1 
CC1 Small 0 0 
CC3 Small 0 0 
CC4 Small 0 0 
Alligator pond Drying pond 0 1 
  
Green Swamp 
Total 30 29 
Archbold  
 
11 1 
Belle Glade  
 
8 2 
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Table A2. Total Length (TL), Snout Vent Length (SVL) and Wet Weight of Amphiuma 
means and Siren lacertina Captured at Lake Deaton and the Green Swamp. 
 
Sample 
Location/Species 
Salamander 
ID TL (mm) SVL (mm) 
Wet Weight 
(g) 
 
 
 
 
 
Lake Deaton / 
Amphiuma means 
LDA1 472 427 - 
LDA2 400 315 - 
LDA3 387 286 72 
LDA4 390 341 109 
LDA5 478 353 - 
LDA6 346 285 63 
LDA7 686 466 400 
LDA8 493 384 87 
LDA9 629 524 500 
LDA10 352 273 39 
LDA11 393 296 71 
LDA12 433 260 60 
 
 
 
 
 
Lake Deaton / 
Siren lacertina 
LDS1 378 267 - 
LDS2 430 334 - 
LDS3 252 100 60 
LDS4 474 364 >500* 
LDS5 468 346 450 
LDS6 347 225 110 
LDS7 264 205 57 
LDS8 408 230 224 
LDS9 248 122 55 
LDS10 451 278 - 
LDS11 548 390 400 
LDS12 528 - 490 
 
 
 
 
 
Green Swamp/ 
Amphiuma means 
 
GS-AM1 510 430 251 
GS-AM2 587 434 - 
GS-AM3 438 380 97 
GS-AM4 645 496 350 
GS-AM5 552 462 267 
GS-AM6 602 519 400 
GS-AM7 716 543 550 
GS-AM8 640 546 550 
GS-AM9 447 425 191 
GS-AM10 553 432 300 
GS-AM11 764 495 360 
GS-AM12 640 500 350 
GS-AM13 746 600 550 
GS-AM14 550 418 236 
56 
 
 
 
 
 
 
Green Swamp/ 
Amphiuma means 
(continued) 
 
GS-AM15 670 520 450 
GS-AM16 - - 500 
GS-AM17 408 293 55 
GS-AM18 625 467 450 
GS-AM19 750 592 400 
GS-AM20 457 347 293 
GS-AM21 613 462 323 
GS-AM22 724 525 600 
GS-AM23 539 416 223 
GS-AM24 597 - 1005 
GS-AM25 386 263 55 
GS-AM26 505 408 350 
GS-AM27 495 373 400 
GS-AM28 596 401 490 
 
 
 
 
 
 
 
 
 
 
 
Green Swamp/ 
Siren lacertina 
GS-SL1 193 131 15 
GS-SL2 280 162 49 
GS-SL3 352 224 90 
GS-SL4 438 276 350 
GS-SL5 318 186 87 
GS-SL6 395 239 183 
GS-SL7 345 259 196 
GS-SL8 388 255 150 
GS-SL9 417 305 154 
GS-SL11 369 326 332 
GS-SL13 489 339 350 
GS-SL14 348 226 170 
GS-SL16 324 209 128 
GS-SL17 357 255 170 
GS-SL18 432 320 300 
GS-SL19 332 216 165 
GS-SL20 374 224 194 
GS-SL21 331 186 198 
GS-SL22 306 218 141 
GS-SL23 393 275 173 
GS-SL24 375 232 143 
GS-SL25 487 317 450 
GS-SL26 456 325 237 
GS-SL27 371 229 135 
GS-S28 302 178 78 
*Pesola scale available at the time did not go above 500 g. 
 
57 
 
Appendix 2 (Continued) 
 
Table A3. 2x2 Contingency Table of Amphiuma means Presence/Absence in Large and 
Small Wetlands at the Green Swamp. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A4. 2x2 Contingency Table of Siren lacertina Presence/Absence in Large and 
Small Wetlands at the Green Swamp. 
 
 
 
 
 
 
 
 
 
 Appendix 2 (Continued) 
 
 
Figure A1. The Wetlands Sampled at the Green Swamp. 
basins as designated by the South Florida Water Management District.
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 Bold lines denote drainage 
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Appendix 2 (Continued) 
 
 
 
Figure A2. Box and Whisker Plot of the Catch Per Unit Effort of Amphiuma means in 
the Two Different Trap Types at the Green Swamp. 
 
 
 
 
 
Figure A3. A Box and Whisker Plot of the Catch Per Unit Effort of Siren lacertina in the 
Two Different Trap Types at the Green Swamp.
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Appendix 3: Pleistocene Fossil Records of Amphiuma means and Siren lacertina in 
the State of Florida 
 
The majority of the fossil records described here are from the Vertebrate 
Paleontology Master Database of the Florida Museum of Natural History at the 
University of South Florida (Florida Museum of Natural History, University of Florida, 
2011) any records that came from other sources are cited accordingly.  The UF 
Vertebrate Paleontology Database lists the site, county, epoch, and land mammal age for 
each fossil record. Epochs, such as the Pleistocene epoch are further broken down into 
early, middle, and late, however some records simply give the epoch as “Pleistocene.”  I 
will just be reporting the county and epoch for each record but additional details can be 
obtained from the database.  I am only reporting fossil records that were listed under the 
full species names of Amphiuma means and Siren lacertina.  There are, however, 
additional records in the database that are listed under just the generic names of 
Amphiuma and Siren with no species name specified. 
There is one Amphiuma means fossil with the epoch listed as simply Pleistocene, 
and it is from Hillsborough County.  There is one Siren lacertina fossil with the epoch 
listed as simply Pleistocene and it is from Polk County.  There is just one Amphiuma 
means fossil record from the early Pleistocene of Florida and it is from Hillsborough 
County. Siren lacertina fossil records for the early Pleistocene are from Pinellas, 
Hillsborough, and Sarasota Counties.  There are no A. means fossils listed for the middle 
Pleistocene.  There is one S. lacertina fossil from the middle Pleistocene from St. Johns 
County. For the late Pleistocene there are A. means fossil records from the following  
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Appendix 3 (Continued) 
 
counties: Leon (Brattstrom, 1953), Taylor, Columbia, Alachua, Levy, Pinellas, Indian 
River, and St. Lucie (Brattstrom, 1953). There are late Pleistocene S. lacertina fossil 
records from the following counties: Taylor, Columbia, Alachua, Marion, Pinellas, 
Manatee, and Indian River. 
